I. INTRODUCTION
Ion acoustic and drift waves are the two fundamental modes of magnetized inhomogeneous plasma in the low frequency limit, i.e., x ( X i ¼ eB 0 m i c . Ion acoustic waves are basically electrostatic longitudinal perturbations and can propagate in homogeneous unmagnetized plasmas as well through the intermediary of the electric field. On the other hand, drift waves are low frequency electrostatic waves, which propagates in the perpendicular direction to the external magnetic field, i.e., in the y-axis (say) with k ? ) k k , while x-axis being the direction of density gradients and the external magnetic field B 0 is along the z-axis. Drift waves are similar to ion acoustic waves in a way that electrons provide elasticity through the pressure and ions provide the inertia. The main difference between the ion acoustic and drift wave is that energy equipartition between the ion kinetic and potential holds for ion acoustic wave, while for the case of long wavelength drift mode, it does not hold and rather the ion kinetic energy is subdominant; therefore, the potential energy of the ions mainly contribute in the energy density of the system. For large parallel wave vector ðk k Þ; drift wave can turn into ion acoustic waves. 1 Electrostatic waves with Maxwellian particle distribution have been studied since long ago; however, it is well established now by evidence from both space [2] [3] [4] [5] and laboratory 6, 7 plasmas that non-Maxwellian particle distributions are required to model efficiently the role of energetic particles, associate with long-tailed (superthermal) velocity distributions. Such particles (electrons and positrons in our case) can be modeled by kappa or generalized Lorentzian velocity distribution function, which imply the Maxwellian core and a high energy tail component of the power law form. The form of the kappa distribution was first postulated by Vasyliunas in 1968 2 to fit observational solar wind data. By now, the kappa distribution has been employed to explain many astrophysical and space plasma situations, e.g., in the auroral zone, 8 in the Earth's magnetosphere, 9 in the interstellar medium, 10 and the solar wind. 11 Interestingly, nonMaxwellian energetic particles are also observed in the lab. 6, 7 The three dimensional isotropic kappa velocity distribution function for superthermal particles can be written as
where h ¼ fðj À 3=2Þ=jg 1=2 ð2k B T e =m e Þ 1=2 represent the effective or modified speed of the superthermal particles having thermal speed or the most probable speed in Maxwellian plasmas as v te ¼ ð2k B T e =m e Þ 1=2 . The spectral index j measures the slope of the energy spectrum of the superthermal particles at the tail of the distribution function such that smaller (larger) values of j represent high (low) concentrations of superthermal particles in the tail of the distribution function and j > 3=2 should hold for a physically valid solution. Other parameters include CðxÞ, which represent gamma function and n j0 is the equilibrium density of the jth species. In the limit of j ! 1, the above distribution function reduces to Maxwellian limit.
The drift waves were theoretically predicted by Rudakov and Sagdeev, 12 while experimentally verified by D'Angelo and Motley 13 decades ago. It is well established now that magnetized plasma system contains regions of inhomogeneity, which can cause a variety of drift oscillations. The interest in these modes is due to their importance in the anomalous transport of a plasma in the perpendicular direction to a magnetic field. Low frequency coupled ion acoustic and drift waves are fundamental linear modes of inhomogeneous magnetized plasmas. However, the nonlinearities present in the system can give rise to coherent nonlinear structures such as solitons, vortices, shocks, etc. Structures associated with drift waves can only exist in magnetized plasmas having inhomogeneity (e.g., in density, temperature, magnetic field, etc.), while acoustic type nonlinear structures can be present both in magnetized and unmagnetized homogenous plasmas. 14 Mirza et al. 15 studied low frequency electrostatic waves in a magnetized plasma in the presence of sheared flow. They showed that, for specific profiles of the equilibrium shear flow, the linear equations admit a tripolar vortex solution; similarly, electromagnetic vortices have been reported in electron positron ion plasmas in the Ref. 16 . Mushtaq et al. 17 reported the linear and nonlinear coupled drift and ion acoustic waves with Maxwellian electrons in a collisional magnetoplasma. Masood and Ahmad investigated the linear modes of coupled dispersive drift acoustic modes in nonuniform plasmas in the presence of nonthermal particle distributions 18 while Shan and Haque 19 traced out nonlinear dipolar and monopolar vortex solutions in the presence of superthermal electrons. Recently, Mahmood et al. 20 studied electrostatic vortex structures in a multicomponent plasma. They discussed dispersion relation in both localized and nonlocalized limits and found the condition for the existence of dipolar vortex structures in a magnetized rotating electronpositron plasma with stationary ions.
Electron positron ion (e-p-i) plasmas have been extensively studied in the recent years [21] [22] [23] [24] [25] [26] due to their existence in the astrophysical environments, example includes, magnetosphere of neutron stars, 27 in active galactic cores, 28 and in solar flare plasma. 29 Importantly, these three component plasmas have also been produced in the laboratory, [30] [31] [32] and the existence of positrons in other laboratory plasmas has been confirmed. [33] [34] [35] The process of pair production (electron-positron) can occur during the interaction of a strong laser pulse with plasmas, [36] [37] [38] [39] as well as by the interaction of superthermal electrons with high-Z material. 40 The production of positrons in the laboratory having energies in the mega electron volts has lead to more antimatter research, including the investigation of the physics underlying various astrophysical phenomena such as gamma ray bursts, positronium production, and Bose-Einstein condensates. 41, 42 The properties of the conventional electron-ion plasma changes due to the presence of positrons, as it reduces the ion number density in the system. On the same time scale, the dynamics of electrons and positrons could be the same, the two having the same mass (but different charge). Therefore, kappa distribution can be assumed for physical environments having excess superthermal (high-energy) charged particles. Importantly, the interaction of high energy gamma ray photons with the atoms/molecules leads to the generation of high energy electrons and positrons in the interstellar medium 43 and earth upper atmosphere. [44] [45] [46] [47] Similarly, the plasma sheet boundary of earth magneto-tail also contains such energetic particles (nonthermal) originating partially from the pulsar into the low density interstellar plasma. [48] [49] [50] In this manuscript, we have analyzed linear and nonlinear waves in a magnetized e-p-i plasma having inertial cold ions, kappa distributed electrons, and positrons. In the linear regime, we emphasized on the effects of kappa distribution and positron content on the phase velocity of the coupled drift ion acoustic waves in the presence of density inhomogeneity and discussed various possible limits of the dispersion relation. In the nonlinear regime, first, we obtained stationary solutions in the form of a dipolar and monopolar vortices, highlighting the role of kappa distribution and plasma configurations on the formation of vortices solutions. Second, in the case of weak dispersion (low frequency perturbations) and scalar nonlinearity, we presented the formation of drift solitary waves and discussed the importance of spectral index (j) on the solitary structures in an inhomogeneous magnetized plasma.
II. BASIC MODEL EQUATIONS
We consider an inhomogeneous, three component magnetoplasma consisting of inertial cold ions, kappa distributed electrons, and positron. The external magnetic field is uniform and taken along theẑ-axis, i.e.,B ¼ B 0ẑ . The plasma number densities have gradients in their equilibrium values along the negativex-axis and is given by Àdn j0 =dx. The dynamics of drift ion acoustic waves in a magnetoplasma can be described by the following sets of equations:
(1)
and
To get the expression for the ion perpendicular velocity under low frequency limit, i.e., j d dt j ( X i , by taking the vector product of Eq. (2) withẑ, we havẽ The assumption thatṽ E )ṽ p being consistent with our assumption j d dt j ( X i in the drift approximations and can give us the following:
where X i ¼ eB 0 m i c and E ? ¼Ẽ À E zẑ , sõ
,ṽ E )ṽ p , one can obtain the following result:
The ion gyro-frequency is defined as X i ¼ eB 0 m i c , while / denotes the electrostatic potential defined in the current model. Here, for simplicity, we analyze the plasma dynamics in two-dimension (2D), since only two direction are of relevance, say fk; ?g ¼ fz; yg, viz. r ¼ ð0; @ y ; @ z Þ. In other words, excitations are assumed to evolve and propagate in the yz -plane, with no loss of generality. Then, ion continuity equation takes the form
Assuming small deviations from the equilibrium state,
i.e., U ¼ e/ T e ( 1, the superthermal particle densities can be expressed as
with expansion parameters c 1 , c 2 , d 1 , and d 2 are functions of the j, given below
The system is closed with plasma approximation or neutrality hypothesis
Charge balance at equilibrium requires n i0 þ n p0 ¼ n e0
Using Eqs. (5) and (10) in ion continuity Eq. (6), one can obtained the following equation:
where
, j n ¼ À 
III. LINEAR ANALYSIS
The linear dispersion relation (DR) is obtained by assuming small perturbations $e iðk y yþk z zÀxtÞ , i.e., Fourier analyzing Eqs. (11) and (12) and can be written as
The structure of the DR is self-explanatory: one can see the effect of superthermality through c 1 , d 1 (recovering a Maxwellian limit for j e;p ! 1) and positron content through p; further to this, it is evident from the above DR, that the gyroradius q s ¼ c s X i , the frequency of the drift waves, 
with
; and
Equation (15) essentially reflect that superthermality and positron content tighten up the gyroradius, reduces the frequency of the drift waves and ion sound speed with respect to a Maxwellian limit for j e;p ! 1. For pure acoustic mode, i.e., k y ¼ 0, one can reduce Eq. (14) to the following limit in superthermal e-p-i plasma:
While on the other hand, for pure drift waves, i.e., k z ¼ 0, Eq. (14) takes the following form:
The dispersion relation obtained here can be reduced to the work of Ref. 19 based on superthermal electron-ion plasma by setting p ¼ 0 and d ¼ 1; similarly, for Maxwellian electron-ion plasma case, one can recover the textbook limit 1 by taking j e;p ! 1 in our dispersion relation. The work of Haque and Saleem 51 on electron positron ion plasma with Maxwellian distribution can also be deduced from Eq. 14 by putting j e;p ! 1.
In Figure 1 , we have shown the effect of superthermality and positron content on the frequency of drift ion acoustic waves based on Eq. (14) . In Figure 1(a) , one can see that for a fixed value of k y , increasing the value of j makes the frequency of the drift ion acoustic waves to escalate, while on the other hand, increasing positron content in the system makes the frequency to suppress. Here, it is important to mention the following realities: (i) the frequency of pure drift waves (at k z ¼ 0) in Figure 1 decreases with strong superthermality (low value of j) as well as with positron content through increasing p. (ii) The effect of finite larmor radius is visible on the curves shown in Figure 1 . The above two statements are in agreements with Eq. (15) . Similarly, in Figure 2 , we have plotted the dispersion relation (14) against k y for a fixed value of k z (very small but nonzero) such that k y > k z . One can see in Figure 2 , the effect of kappa distribution and positrons on the dispersion relation when the effect of drift waves is dominant over the acoustic waves in our present model.
IV. NONLINEAR VORTICAL STRUCTURES IN SUPERTHERMAL PLASMA
In this section, we anticipate the formation of coherent nonlinear structure in the form of vortices, for this, we adopt the standard procedure. We assume a co-moving frame of reference ðx; gÞ with constant velocity u such that g ¼ y þ az À ut, where a ð0 < a < 1Þ is the wave coupling parameter. The parallel component of ion momentum Eq. (12) can be written in the new transformed frame with the assumption,ṽ E Ár ? )
Similarly, one can write the Eq. (11) in the transformed coordinate with the following approximations: In the polarization drift, we assumedṽ E Ár ? ) v z @ z and taking only first order term in the plasma neutrality hypothesis, i.e.,
Here, it is important to elaborate the structure of Eq. (19) based on our plasma model: The first term in Eq. (19) arises due to the ion polarization drift, the second term represent the plasma configurations, while the third and fourth are the density gradient and ion parallel motion terms, respectively. In Eq. (19) , r has been normalized with ion gyroradius q s , eliminating v iz with the help of Eq. (18), one can write it as Equation (20) is a modified Hasegawa-Mima (HM) equation with
One can see the explicit dependence of j e;p through c 1 and d 1 and effect of positron content appear through the density ratio p. In order to construct Eq. (20) , the role of ion polarization drift is mandatory, while A 2 always contains the plasma configurational terms.
In order to find the solution of Eq. (20), we assume a solution of the form
where f ðU; xÞ is an arbitrary function and under linear approximation can take the form
with C 1 represent some constant. In polar coordinate system, we have position vector r ¼ ðx
; therefore, it is important to divide the plane ðr; bÞ into an outer region r > r 0 and inner region r < r 0 of a circle of radius r 0 , such that the two solutions of Eq. (22) in the above mentioned regions should agree at r ¼ r 0 .
For outer region, Eq. (22) can be solved with a separation of variable technique, with C 1 ¼ 0 as r ! 1 and can be represented as
where Q 1 is the integration constant and can be determined with the help of boundary conditions and K 1 is the modified Bessel function of first order and second kind. For physical justification of the above localized solution, it is important that A should be greater than zero for large r ðA > 0 at r ! 1Þ, as K 1 $ 1 r À Á 1=2 expðÀArÞ. It is evident from Eq. (23) that argument of Bessel function contains A, and hence, the effect of kappa and positron along with the acoustic and drift speed will affect the characteristics of vortex. For the sake of reference, it is important to mention that our results (see Sec. IV) are in complete agreement with the work of Shan and Haque 19 in the limit of electron-ion plasma. Similarly, for the inner region r < r 0 , Eq. (22) gives the solution as
where Q 2 is constant of integration and v ¼ ÀðA 2 þ C 1 Þ is the argument of ordinary Bessel function of first order J 1 .
For monopolar solution, one can solve Eq. (22) in the limit of C 1 ¼ 0 and the electrostatic potential U is only dependent on r,.The result can be expressed as
where Q 3 is the integration constant and J 0 is the Bessel function of zeroth order. The constant of integrations Q 1 , Q 2 , and Q 3 along with v can be determined from the continuity of electrostatic potential U across the boundary, i.e., U; @ r U and r 2 ? U should be same at r ¼ r 0 and can be expressed as
In this section, we present the analysis of drift solitary waves in the presence of superthermal electron and positron. For low frequency electrostatic excitations with scalar nonlinearity and weak dispersion, one can assumeṽ E Ár ? ( v z @ z (Ref. 17) in the polarization drift, which reduce the ion parallel component of momentum Eq. (12) to
After transforming Eq. (26) into the co-moving frame, g ¼ y þ az À ut and solving for v iz , one can obtain the following expression:
Using the above equation in Eq. (11) after transformation, one can obtain
After a short manipulation, one can obtain the following nonlinear equation:
which represent a KdV type equation for ion acoustic waves coupled with drift waves in a superthermal e-p-i plasmas, yielding solitary wave solution given as
where 
VI. PARAMETRIC INVESTIGATION AND CONCLUSIONS
The theoretical results presented here are drawn for pulsar magnetosphere to let out the applicability of our analysis. It is believed that magnetic field can be as high as B ¼ 0:2G and number densities up to n $ 10 14 cm À3 in the vicinity of pulsar magnetic poles having particle speed in the relativistic regimes, 52 the existence of protons around the atmosphere of pulsar magnetosphere is also possible. 22 It is important to mention that, although the electrons and positrons are relativistic, 52 the limit of nonrelativistic reasoning is still valid as the electrons and positrons can cool down into the nonrelativistic state due to the cyclotron emission. Therefore, the wave frequencies should be very less than the cyclotron one, which is the case for ion acoustic and drift waves. 53 The typical data for pulsar magnetosphere region is given by 22 T e;p ¼ 10 eV:
A. Pair annihilation time for electron positron ion plasma
In order to investigate the collective behavior of electron positron ion plasma, it is important to add discussion on the pair annihilation process for our plasma model: the electron positron has strong tendency to annihilate, producing gamma ray photons
To ignore the annihilation process, the electron positron plasma annihilation time, T ann must be greater than the inverse of the characteristic frequencies of the plasma, which constitute (x pj ), i.e.,
where x pj is the plasma frequency of the j-th species (j ¼ e; p; i), the above inequality suggests that the time for plasma oscillations must be greater than annihilation process.
In order to investigate the collective modes in electron positron ion plasma, this annihilation time T ann can be larger than 1 s for low density laboratory plasma; however, for higher densities and temperatures, one can calculate the annihilation time using the following procedure. In a nonrelativistic plasma, the expression for annihilation time takes the form 52 T ann ¼ 4 3n e;p0 r t c E th 1 þ 6E th ;
where n e;p0 represents the equilibrium electron/positron number densities, r t is the Thomson cross section of the electron, having numerical value equals to 6:65 Â 10 À25 cm 2 . The symbol c stands for the speed of light and E th ð¼ T ann $ ð9126 Â 10 À2 secÞ;
Here, we have shown the results numerically, it is evident from Figure 3 (a) that, for a typical plasma parameters, the nonlinearity coefficient A invert sign against j for higher value of a (%1), and hence, both compressive and rarefactive solitary waves can be obtained, while on the other hand, for small value of a (0.1), one can only obtain the rarefactive solitary waves in the present model. Similarly, in Figure 3 (b), we have shown the behavior of nonlinear coefficient A versus wave coupling parameter (a) in superthermal plasma as well as in a Maxwellian plasma. One can see that for a < 0:6, the nonlinear coefficient A < 0, and hence, one can have rarefactive solitons in a superthermal plasma having small value of kappa (j e ¼ j p ¼ 2), while for a > 0:6, the coefficient of nonlinearity invert sign and support the hump like structures (compressive solitons) in the present model. It is important to mention here that for j e;p ! 1 (Maxwellian limit), the solitons are sharper and taller, as evident from Figure 3 Figure 4 . One can see that both compressive and rarefactive solitary waves can be obtained. The space coordinate g has been normalized with q s which is of the order of 10 3 cm, the acoustic speed c s $ 10 6 cm=s, the ion gyrofrequency X i $ 10 4 rad=s, and the soliton speed u $ 10 6 cm=s, the parametric values shown are in agreement with space plasma environments. 22, 52 In the present work, we explored the dynamics of coupled ion acoustic and drift waves in a three-component electron positron ion plasma with the effect of superthermality of electrons and positrons, which can exist in AGN and pulsars, in general, space plasma observation reveals solitons (pulses) of either positive or negative polarity. This actually depends on the plasma configuration (constituents, concentration, inertial versus, e.g., stationary species and so on). Similarly, drift waves exist universally in magnetized plasmas, producing the dominant mechanism for the transport of particles, energy, and momentum across magnetic field lines. 54 Here, we have found the following realities:
(1) In the linear limit, the phase velocity of ion acoustic and drift waves decreases with strong superthermality and 
